Background
Krabbe disease, or globoid cell leukodystrophy, is an autosomal recessive disease that was first described by Krabbe in 1916 [1] . The symptoms and signs of Krabbe disease are caused by a deficiency of the enzyme, lysosomal galactocerebrosidase, which is responsible for the degradation of galactosylceramide and galactosylsphingosine [2] . The majority of patients with Krabbe disease present within the first year of life with the infantile form, with irritability, progressive neurodegeneration, spasticity, and peripheral neuropathy. Infantile Krabbe disease is associated with high morbidity and mortality [3] . Other phenotypes include juvenile Krabbe disease and adult Krabbe disease, which are associated with a better clinical outcome than the infantile form [3] .
Early diagnosis of Krabbe disease can be made by measuring the activity of galactocerebrosidase in a sample of a dried spot of blood during the screening of newborn infants [4, 5] . Radiological investigations can show diffuse brain and cerebellar atrophy, and demyelination can be identified by magnetic resonance imaging (MRI). Demyelination may also involve the spinal cord and cranial nerves [6] . Other diagnostic neurological investigations include nerve conduction studies, electroencephalography (EEG), auditory evoked responses, visual evoked potentials, and measurement of galactocerebrosidase levels [5] .
The definitive diagnosis of Krabbe disease is made by measuring the activity and enzyme levels of galactocerebrosidase, which may show variable degrees of remnant activity of the enzyme. Sequencing studies of the GALC gene, which encodes the galactocerebrosidase enzyme, are also used to diagnose Krabbe disease [7] .
The treatment of Krabbe disease is limited to palliative care for symptomatic patients. However, asymptomatic patients can be eligible for hematopoietic stem cell transplant (HSCT). The combination of gene therapy with HSCT is currently under investigation for patients with Krabbe disease [8] .
This report is of a 6-year-old girl who had a diagnosis of Krabbe disease since she was 5 weeks of age.
Case Report
Clinical presentation at birth A female Saudi patient was born at full-term by spontaneous vaginal delivery following an unremarkable pregnancy. Her parents were not consanguineous. At birth, her Apgar score was 9 at one minute and at five minutes following birth.
Birth parameters were all average and included body length of 50 cm, weight of 2,615 gm, and head circumference of 34 cm. She appeared to be healthy at birth and was discharged home with her mother soon after birth. At the age of 5 weeks, she developed respiratory distress, fever, and was unable to feed, and she was admitted to the pediatric intensive care unit (PICU) to exclude sepsis. At that time, clinical examination showed low oxygen saturation of 70% on room air, a fever with a body temperature of 38.5°C, heart rate of 76 beats per minute, respiratory rate of 30 breaths per minute, and blood pressure of 90/51 mmHg.
Clinical presentation at 5 weeks of age
On clinical presentation at 5 weeks of age, her growth parameters included a weight of 2,710 gm (<5 th percentile), body length of 50 cm (5 th percentile), and head circumference of 35 cm (25 th percentile). On examination, she was floppy, pale, and had respiratory distress. She continued to be oxygen-dependent as she was found to have hypoventilation based on repeated sleep studies, which raised the possibility of a neuromuscular cause. She had a persistently high PCO 2 >50 mmHg (normal range, 35-45 mmHg). She had a prolonged hospital stay, during which time, extensive investigations were performed including biochemical, genetic and radiological tests that were all negative. Tandem mass spectrometry was performed on urine for organic acids, and on plasma for amino acids, and biochemical investigations for glycogen storage disease and neuronal ceroid lipofuscinosis were negative. Investigation of a gene panel for primary immune deficiency genes was unremarkable, and complement levels were normal.
Clinical presentation at 4 months of age
At the age of 4 months, well defined multiple areas of skin hypopigmentation were identified in the upper limbs, lower limbs, and face. A skin biopsy taken from the lesions showed post-inflammatory hypopigmentation. The patient developed three attacks of fever of unknown origin within the first year of life, with a completely negative workup for sepsis. Further investigations included enzyme studies for galactocerebrosidase levels from a blood sample using tandem mass spectrometry, which showed a normal enzyme level at 0.45 µmol/l/h (normal, >0.3 µmol/l/h). Cerebrospinal fluid (CSF) analysis was unremarkable including the protein level at 0.19 g/L (normal, <0.4 g/L). GALC gene sequencing showed a homozygous variant, NM_000153.3, c.334A>G (p.Thr112Ala). At the time, this gene variant had not been previously described in Krabbe disease, which was assumed not to confirm the diagnosis of Krabbe disease at that time. The patient's condition improved as she became afebrile and she was discharged from the hospital. Later, she had recurrent admissions to the hospital due to recurrent chest infections.
Brain magnetic resonance imaging (MRI) was performed at the age of 2 months, which showed delayed myelination and later at 9 months of age, which was unremarkable. MRI of the spine, electroencephalography (EEG), and muscle and nerve biopsies were all unremarkable.
Clinical status at 6 years of age
At the time of writing this case report, the patient is 6 years of age and has global developmental delay. Current growth parameters include a height of 94 cm (<5 th percentile), weight of 10.6 kg (<5 th percentile), and head circumference of 50 cm (50 th percentile). Her most recent physical examination showed spastic diplegia with crossed legs, mild laryngomalacia, and prominent skin hypopigmentation (Figure 1) . No neurocutaneous stigmata were found. Ophthalmic examination showed a normal iris and normal fundus.
Whole exome sequencing (WES) and whole genome sequencing (WGS) showed the same homozygous variant in GALC gene, which was reclassified as pathological mutation following a published report of its association with Krabbe disease in a case of heterozygous disease combined with another mutation [9] , and also a published report of a previous functional study [10] . The mutation was confirmed by Sanger sequencing. Segregation analysis showed that both parents, as well as a healthy sister, were heterozygous carriers for the mutation. Galactocerebrosidase enzyme activity from cultured fibroblasts was measured using fluorescent substrate 6-hexadecanoylamino-4-methylumbelliferyl-b-D-galactoside (HMU), which showed low enzyme levels at 5.0 nmol/18 h/mg protein (normal range, 8-32 nmol/18 h/mg protein). A recent EEG showed intermittent background slowing, which was consistent with mild encephalopathy.
Discussion
The course of infantile Krabbe disease consists of three consecutive stages. The first stage is characterized by irritability, spasticity, and fever of unknown origin. The second stage is characterized by developmental delay and worsening spasticity. In the third stage or end-stage Krabbe disease, the infants became decerebrate, blind, and unresponsive. Most of the patients with infantile Krabbe disease die within the first two years of life [8] . Although this patient's presentation fits the first and second stages of infantile Krabbe disease, she has never reached the third stage, as her condition at the age of 6 years has stabilized.
The unique presentation of this case, including skin hypopigmentation, involving the extremities (Figure 1 ) and the face, that spared the trunk have rarely been previously described in association with the clinical phenotypes of Krabbe disease. A recent review discussed the neuroinflammatory pathophysiology in Krabbe disease [11] . The authors of the review showed that inflammation often precedes demyelination, and described the factors that may explain inflammation, including the accumulation of the highly cytotoxic lipid, psychosine, and the induction of inflammatory cytokines [11] . The patient reported in this study had progressive skin hypopigmentation lesions, and the skin biopsy, showed post-inflammatory hypopigmentation, supporting the possibility of an inflammatory cause.
Reaching the definitive diagnosis for this patient was complicated by early lack of correct interpretation of the results, particularly the low blood galactocerebrosidase enzyme levels, which is expected to be low in Krabbe disease. In 2012, Jalal et al. investigated the correlation between the galactocerebrosidase enzyme levels and the phenotype and age of presentation of Krabbe disease [12] . They concluded that an increased enzyme level was associated with late onset of Krabbe disease, but that reduced activity of the enzyme did not determine the phenotype of the disease [12] . In this patient, although the enzyme activity in fibroblasts was slightly reduced, she had early infantile onset Krabbe disease, which might indicate that while reduced enzyme activity in a blood sample can confirm the diagnosis of Krabbe disease, normal enzyme activity may not exclude the diagnosis or predict the phenotype. Also, the correct type of method used to determine enzyme activity should be selected so that the correct diagnosis is made.
This case adds to the challenges in the biochemical diagnosis of lysosomal storage disease, in which testing the enzyme activity in cultured skin fibroblasts is recommended to confirm the diagnosis [13] . The mutation gene mutation identified in this patient, c.334A>G (p.Thr112Ala), was previously reported to be associated with the adult-onset Krabbe disease phenotype but was combined in a compound heterozygous genotype with another mutation, c.592G>A (p.Glu198Lys) [9] . To the best of our knowledge, this is the first report to describe the phenotype of infantile Krabbe disease associated with the homozygous mutation c.334A>G (p.Thr112Ala). The effect of the p.T112A and p.I562T mutations on galactocerebrosidase enzyme activity was previously evaluated by Luzi et al. who published the findings from a functional study that showed a significant reduction in the activity of the enzyme in COS-1 fibroblast-like cells in vitro that were transfected with pcDNA3 for both mutations [10] .
In this case report whole exome sequencing (WES) and whole genome sequencing (WGS) was performed due to the atypical presentation of the patient, and to exclude the possibility of other genetic diseases. The phenotype and genotype of this patient support the view that there is no absolute correlation between genotype and phenotype in Krabbe disease [7] . Although this patient had the phenotype of early infantile-onset Krabbe disease, which usually has high morbidity and mortality, her condition is now relatively stable at the age of 6 years, which could be due to relatively higher enzyme activity.
Conclusions
This case report has shown that clinicians should have a high index of suspicion for the diagnosis of Krabbe disease, and should not rely single clinical or diagnostic factors to exclude this rare disease. The early diagnosis and management of patients with Krabbe disease have an impact on patient outcome. In this case, the typical presentation of Krabbe disease included an expanded phenotype with a clinical presentation that included hypoventilation and skin hypopigmentation.
